A new optical-optical switching technique is proposed and demonstrated with a probe-pump scheme, utilizing nonlinear differential phase shift between two spatial modes in a highly elliptical-core fiber. The probe beam is switched from one intensity-lobe position of the fiber output radiation pattern to the other in a 33-m-long fiber at a pump power of 1.6 W.
A new optical-optical switching technique is proposed and demonstrated with a probe-pump scheme, utilizing nonlinear differential phase shift between two spatial modes in a highly elliptical-core fiber. The probe beam is switched from one intensity-lobe position of the fiber output radiation pattern to the other in a 33-m-long fiber at a pump power of 1.6 W.
Fast all-optical switching devices can be key elements for future optical signal processing and communication systems. Various techniques have been studied in waveguide structures by using fiber Kerr gates for polarization switching, 1 -3 nonlinear directional couplers, 4 ' 5 and polarization instability in birefringent fiber. 6 Recently, highly elliptical-core two-mode fiber has been suggested for various fiber device applications, because of its simple and stable second-order mode characteristics. 7 In this Letter, we propose and demonstrate a new nonlinear two-beam optical switching technique using highly elliptical-core twomode fiber.
The principle of operation is as follows. A probe beam with low optical power propagating in the LP 0 1 and the LP 11 modes of a two-mode fiber accumulates a differential phase shift of 27r rad between the modes for every beat length, typically 50-500 Mum long. If a pump beam at a different wavelength with higher power is injected into the same fiber, an additional differential phase shift between the two modes of the probe beam is induced through the optical Kerr effect. This optical-optical modulation of the relative phase can be converted to intensity modulation when the optical waves in the two modes are allowed to interfere by using a simple two-mode fiber interferometer configuration described elsewhere. 7 We suppose that the probe beam propagates along the highly elliptical-core fiber with approximately the same power in two spatial modes: the fundamental LP 01 mode with symmetric field distribution Ti(x, y) and the LP 1 1 mode with antisymmetric field distribution XJ2(x, y) over the fiber cross section. In addition, we suppose that the pump beam with field distribution Tp,(x, y) and power P have the same polarization as the probe. The pump beam may propagate in either or both of the two modes.
Assuming that the probe field is much weaker than that of the pump, and that the field distribution of the waveguide mode is independent of its intensity, the differential phase shift 60 between the two modes of the probe beam induced by the pump is given by 8
where w is the angular frequency of the probe field, X is the real part of the third-order nonlinear susceptibility, L is the fiber length, P is the pump power in watts, c is the speed of light, and n is the average index of refraction. In this expression, the fiber loss is neglected and A 1 and A 2 are the effective interaction areas
given by the following overlap integrals 8 :
where the integrations are over the entire cross section. Then the pump power required to produce a -r differential phase shift, corresponding to 100% switch- in watts. The experimental configuration is shown in Fig. 1 . We used a cw He-Ne laser (X = 633 nm) as a probe and a Q-switched Nd:YAG lasr (X = 1064 nm, 1-kHz repetition rate, 250-nsec FWHM pulse) as a pump source. The 33-m-long fiber (provided by Andrew Corporation) had an elliptical core of nominally 1.25 ,m X 2.5 gim and a cutoff wavelength for the second mode of approximately 670 nm. Consequently, this fiber supported two spatial modes at the probe wavelength but only the fundamental mode at the pump wavelength. Both the probe and the pump beam passed through a polarizer and were focused onto the core by a 20X microscope objective. The polarization was oriented along the minor axis of the core ellipse at the fiber input. Since the fiber maintained the polarization state, the pump and the probe fields had the same polarization along the entire length of the fiber.
The probe beam was launched offset from the center of the fiber core in such a way that the two modes were excited with approximately equal power. Without the pump beam, the phase difference between the two 0146-9592/88/090776-03$2.00/0 modes was tuned to an appropriate bias point by stretching a short section of the fiber, 9 in order to produce the maximum contrast in the far-field twomode interference pattern. When the phase difference is NMr (N is an integer), the symmetric LP 01 mode adds constructively to the antisymmetric LP 1 1 mode on one half of the radiation pattern (bright lobe) and adds destructively on the other (dark lobe). With the pump beam propagating only in the fundamental mode, the LP 0 1 and the LP 11 modes of the probe beam have different overlaps with the pump beam, resulting in different intensity-dependent phase shifts. With an additional 7r phase shift induced by the pump beam, the positions of the bright and dark region are interchanged. The switching of the far-field intensity pattern was measured by using a mask blocking one lobe of the intensity pattern and a silicon avalanche photodiode (Si-APD). A narrow-bandpass filter was used to prevent the pump beam from reaching to the detector. The detected signal was sent to an oscilloscope through an amplifier. Figure 2 shows the probe signal outputs for varying pump power and two different phase biases. It can be clearly seen that high-contrast optical-optical switching was achieved. The probe output waveforms appeared as bright pulses [ Fig. 2(a) ] or dark pulses [ Fig.   2 (b)1, depending on the original bias in the modal phase difference introduced by axial strain in the absence of the pump beam. The peak pump power required to produce a 7r differential phase shift was measured to be approximately 1.6 W. The pump power was measured at the fiber output, neglecting the fiber loss. For higher pump powers, the probe beam was overmodulated, and multiple bright and dark pulses occurred during a single pump pulse. The traces for the probe signal in Fig. 2 are offset in time (-180 nsec) with respect to those for the pump pulse owing to the propagation delay in fiber and detection electronics.
To obtain a theoretical estimation of P 7 , we used a step-index circular-core-fiber model with the same LP11 mode cutoff wavelength (-670 nm) for the probe modes. For simplicity, we also approximated the pump field with a circular step function of the same radius a as the core radius of the fiber. Then Al and A 2 in Eqs. (2) and (3) became 7ra 2 /ni and 7ra 2 /A 2 , respectively, where ql and 'J2 are the fractions of mode power propagating in the core and their numerical values can be found elsewhere. 1 0 With n = 1.46, x = 3.5 X 10-15 esu for silica, and a = 1.25 Aim (major axis of the core ellipse), Pr was calculated to be 2.3 W. If a = 0.625 gm (minor axis of the core ellipse) is used, P, is 0.6 W. They are of the same order of magnitude as the experimental result. Since the actual pump field had a Gaussian-like distribution spreading into the cladding region, the actual Pr would be somewhat higher than the estimated value. More-precise calculation should involve accurate mode field distributions in an elliptical-core fiber. We should also mention that there might be some contribution of waveguide mode change effect owing to intensity-dependent index in addition to Eq. (4). This two-mode fiber approach to optical-optical switching has several unique characteristics. With the proper choice of probe source wavelength, the group velocities of the two modes can be matched, while the phase velocities are different. Therefore, the temporal pulse walk off, as well as the degradation of probe-beam coherency between the two modes owing to group-velocity difference, can be reduced greatly. In other words, we can use a probe source with relatively broad spectral linewidth or a short pulse in a long length of fiber. Additionally, it might be possible to match the group velocity of the pump beam to that of the probe beam with properly designed fiber and source wavelengths. Another type of all-optical ciple) with this two-mode lobe-switching scheme, which could result in an ultrafast operation if the twomode group velocities are matched. Such a device can find potential applications in pulse narrowing, pulse shaping, intensity discrimination, and high-speed optical signal processing.
In conclusion, we have demonstrated a new opticaloptical switch employing a nonlinear differential phase shift between two modes propagating in an elliptical-core fiber. In a 33-m-long fiber, the probe beam was switched from one intensity-lobe position of the fiber output to the other at a peak pump power of 1.6 W. Provided that the fiber, or the source, is optimized for group-velocity matching between the two modes, this two-mode lobe-switching scheme could be a useful tool for ultrafast all-optical switching.
